North Atlantic air traffic is broadly organised into a track system; daily sets of tracks are 2 defined by air traffic control which are vertically stacked, such that the same set of tracks is 3 used for all flight levels, regardless of any vertical variations in wind. This work uses minimum-4 time routes, previously shown to be a good proxy for the location of the North Atlantic track 5 system, to understand whether vertical variations in wind speed and direction significantly 6 affect minimum-time routes optimised at different altitudes; this is to examine whether (all 7 other factors assumed equal) there is potential for improvements in fuel efficiency. The 8 optimum cruise altitude over the North Atlantic is determined, focusing on the New York -9 London route. It is found that eastbound routes, which take advantage of the jet stream, are 10 on average faster at 250 hPa (flight level (FL) 340) than at 300 hPa (FL300) or 200 hPa (FL390) 11 by approximately 2 minutes (compared to the annual-mean route time of about 330 minutes, 12 assuming a true air speed of 250 m s -1 ). For westbound routes, the route time increases with 13 height: aircraft flying at 300 hPa are on average 3 minutes faster than at higher levels (the 14 annual-mean optimum time being about 400 minutes). These estimates are compared with 15 the time penalty which arises from flying a route optimized at 250 hPa at the other two 16 altitudes. The time penalty is generally less than a minute, compared to the minimum-time 17 routes calculated at those altitudes.
Introduction 20
Air traffic over the North Atlantic is currently managed by the use of North Atlantic Tracks 21 (NATs) (e.g. Attwooll, 1983; Attwooll, 1986; Lunnon and Marklow, 1992; Lunnon, 1998; ICAO, 22 2017). These are a set of typically 5-7 flight routes running between the entry and exit points 23 to oceanic airspace (roughly 10°W -50°W) with multiple flight levels available on each route. 24 In the planning of NATs, vertical variations in the wind field are not considered despite the 25 NATs system covering the range of cruise altitudes between about 315 to 190 hPa (FL290 to 26 FL410, where FLxx0 stands for flight level at xx thousand feet, defined with reference to a 27 standard atmosphere). NATs are defined twice daily by air traffic control, separately for east- 28 and west-bound flights, in order to adapt them to the prevailing upper level winds and to 29 meet the preferred routes requested by airlines. The upper-level winds over the north 30 Atlantic are characterised by westerly winds and a strong jet stream; therefore, in order to 31 minimize their flight time and maximise fuel efficiency, eastbound flights try to take 32 advantage of the jet stream, whereas westbound flights try to avoid it or, at least, to minimize 33 the headwinds. Both the strength and location of the jet stream vary seasonally (e.g., in 34 winter, the jet tends to be more intense and located further south than in summer) and on a 35 day-to-day basis (e.g. Woollings et al., 2010) . As shown in Irvine et al. (2013) , these variations 36 are important for aviation as they are reflected in the properties of both eastbound and 37 westbound routes. properties of the former have the advantage of being more related to the state of the 43 atmosphere, as they are only affected by the winds. Therefore, the minimum-time routes 44 between these two cities will be the basis of this study. 45 This work seeks to answer two questions. First, taking into account only wind effects, what is 46 the optimum (quickest) flight level, and what is the time penalty for deviating from this level? 47 Second, are routes optimised at different flight levels significantly different? 48 There are two motivations for identifying the time-optimum flight level and whether the time- 49 optimum routes differ between flight levels. If all else is considered equal, fuel burn and CO2 50 emissions are directly related to the flight time hence there are both economic and climate 51 change perspectives. 52 From an economic perspective, statistics from the International Air Transport Association 53 (http://www.iata.org/pressroom/facts_figures/fact_sheets/Documents/fact-sheet-industry-54 facts.pdf) show that between 2010 and 2016, fuel costs for the industry worldwide varied 55 from about US$150-230 billion, constituting 21 and 33% of total expenses. Considering that 56 operating profits and net profits are only a small fraction of the fuel costs (varying from 57 US$18-65 billion and US$8-36 billion, respectively, over the same period), a simplistic analysis 58 indicates that even a 1% saving in fuel costs due to reduced flight times could translate into a 59 change in profits which is several times larger. If possibilities for reducing flight times can be 60 identified, an alternative strategy would be to maintain the same flight time but achieve it at 61 a lower cruise speed which, in general, also leads to a fuel saving. 62 From a climate perspective, the aircraft industry is now committed to achieving "carbon 63 neutral growth" (i.e. maintaining total CO2 emissions from international aviation at 2020 64 levels via the CORSIA (Carbon Offsetting and Reduction Scheme for International Aviation 65 https://www.icao.int/environmental-protection/Pages/market-based-measures.aspx). 66 Reductions in fuel burn from any reduction in flight time (or cruise speed) would map directly 67 onto a reduction in CO2 emissions, and hence could make carbon-neutral growth easier to 68 achieve. 69 Answering our two questions would then contribute to a broader consideration of the 70 advantages and drawbacks of flying at particular levels, which would require multi-71 disciplinary input. Changes in flight altitude have implications for the occurrence of 72 turbulence and for contrail production, and other non-CO2 climate effects of aviation (e.g. 73 Grewe et al. 2017). In addition, aircraft are optimised to fly at given altitudes (which depends 74 on aircraft speed) and there are aircraft-dependent penalties for deviating from these (e.g. 75 Airbus 2004). Hence any proposed change in flight altitude would require a consideration of 76 the various trade-offs that such a change would cause. 77 Our study focuses on NATs, given that it is a major air traffic corridor with typically 600 flights 78 per day (Irvine et al., 2013), which has been estimated to contribute about 6.5% to total 79 aviation emissions (Wilkerson et al. 2010). Although our quantitative conclusions are specific 80 to that region, they are indicative of the effects that may be found in other regions outside 81 the tropics, where there are significant variations in wind speed with height. 82 This paper is organized as follows. Section 2 introduces the meteorological data used and how 83 these have been analysed (Section 2.1). It also briefly describes the method used to compute 84 the minimum-time routes (Section 2.2). Section 3 analyses what is the optimum flight level 85 over the North Atlantic, taking into account wind effects, for eastbound (Section 3.1) and 86 westbound (Section 3.2) flights, focusing on the minimum-time routes between New York and 87 London. In Section 3.3 two further city pairs are assessed to see whether these conclusions 88 can be more generally applied to a broader area of the North Atlantic air traffic. Section 4 89 looks at the differences between minimum-time routes at different flight levels, looking first 90 at how their location varies with altitude (Section 4.1). The time penalty arising from flying at 91 a level different from that at which the route was optimised is analysed in Section 4.2. A 92 general discussion and conclusions are presented in Section 5. locations. Therefore, this method has also been used here. Firstly, the North Atlantic is 115 defined as the region between 60°W and the prime meridian and between 35°N and 75°N. 116 Secondly, the zonal and meridional component of the wind field over this area is used to 117 calculate the wind speed at each grid point. The wind speed is then zonally averaged across 118 this sector and, for each day, the maximum value of the wind speed and the latitude at which 119 it is located are detected. 120 Although we use the jet stream definition simply as a diagnostic to help understand the 121 variation in minimum time routes (which are themselves calculated using the full daily-mean 122 horizontal wind speed field), a sensitivity analysis on the method has been performed to test 123 its robustness. To do this, the method has been applied to two additional domains both 124 covering 35˚N and 75˚N; the West North Atlantic, defined as the region between 60˚W and 125 40˚W and the Central North Atlantic, defined as the region between 45˚W and 15˚W. In The term on the left-hand side is the rate of change of θ, the aircraft heading. The first term 143 on the right-hand side is the curvature of the wind (u is the tailwind, n is orthogonal and left 144 to the direction pointed by the aircraft), and the second term is associated with the Earth's 145 curvature (A is the true air speed, S is the scale factor of the projection used in the calculation). 146 For a specified origin (departure airport), the above equation is solved for a set of initial 147 heading angles. The software then selects the route that reaches the destination. 
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The probability density functions (PDFs) of the 4 route time differences are shown in Figure   173 1. For the eastbound routes, the distributions peak at positive Δt, indicating that on average 174 it is faster to fly at 250 hPa. The tail of the distributions have negative Δt but on 79% of days 175 it is quicker to fly at 250 hPa than 200 hPa, and on 83% of days it is quicker to fly at 250 hPa 176 than 300 hPa. Since the shape of the distributions is approximately Gaussian, their main 177 properties can be summarised by using their mean values and their standard deviations (std). 178 The annual mean time difference ΔtE-300 is 1.7 minutes and ΔtE-200 is 2.2 minutes ( are some discrepancies between the properties of the routes and of the jet. These might arise 203 because of the complex relation between the routes and the upper level winds. 204 It is noteworthy that the eastbound minimum-time routes are shorter in summer than in 205 spring, despite the mean jet speeds being stronger in spring (Table 1) . This is because the 206 minimum-time routes are affected not only by the intensity of the jet, but also by its location. 207 For example, the influence of the jet stream on the minimum-time routes is diminished when 208 the jet is located further from the great circle route between New York and London; because 209 the time saved by taking advantage of the strong tailwinds might not compensate for the time 210 lost because of the longer distance that has to be covered. We find that at 40 o W the latitude 211 of the jet core is on average 7.1-7.6 degrees from the New York-London great circle latitude 212 in March-April-May, while in June-July-August it is 3.7-4.9 degrees away; in addition, within a 213 few degrees of the great circle latitude itself, the zonal-mean zonal wind is stronger in 214 summer, rather than in spring, even though in general the opposite is the case. In Section 4, 215 where the Miami-Madrid route is considered, it will be shown that the eastbound minimum 216 time routes are shorter in spring than summer, consistent with the fact that the great circle 217 route for this city pair is closer to the peak wind speeds in spring. 218 
Westbound flights 219
For westbound routes, the distribution of ΔtW-300 peaks at negative values (Figure 1 ), meaning 220 that it is generally quicker to fly at 300 hPa than 250 hPa. For ΔtW-200 the distribution is centred 221 closer to zero (Figure 1) , and it is quicker to fly at 250 hPa than 200 hPa on 59% of days (Table   222 2). In the annual mean, routes at 250 hPa are approximately 3 minutes longer than those at 223 300 hPa and 0.7 minute shorter than those at 200 hPa (these differences are less than 1 % of 224 the typical time for a westbound route). Hence, for westbound routes, the optimum cruise 225 level is 300 hPa, in contrast to eastbound routes where the optimum cruise level was 250 hPa. 226 300 hPa is the optimum cruise level in each season (Table 2) Table 3 ). Table 3 Figs. 2a and 2b respectively) . 307 The PDF of the location of the 250 hPa eastbound routes is approximately Gaussian and its 308 peak is slightly further south than the great circle (Fig. 2a) . The distribution of the 250 hPa 309 westbound routes is skewed towards high latitudes and peaks at circa 55°N (Fig. 2b) . Both 310 Figs. 2a and 2b show that the 250 and 300 hPa routes have a similar distribution, suggesting 311 only a small difference between the location of the routes at these two levels. By contrast, 312 the distribution for the 200 hPa routes shows some differences. Figure 2a shows that the PDF 313 for the 200 hPa eastbound routes is centred circa 1° further south than that for the 250 and 314 300 hPa flights and it is also more peaked, indicating less variability in the route locations at 315 this level. Figure 2b shows that westbound routes at 200 hPa do not extend as far north as 316 those at 250 and 300 hPa and they are located closer to the great circle than the lower level Madrid city pairs. Times are in minutes. 507 
